A practicable two-step procedure for the preparation of a series of lactone-type bridged biaryls 7 as favorable substrates for subsequent atropisomer-selective ring-opening reactions is described. Due to the efficiency of the coupling step, which tolerates even a telt·butyl group next to the biaryl axis and avoids problems of regioselectivity, a variety of differently
The regio-and stereoselective construction of natural and unnatural hindered biaryl systems is a synthetic challenge that has successfully been approached only very recentlyP-4 1 . Exemplarily for the substitution pattern as in 1, which is found in many naturally occurring biaryls l 5 1 , we have developed a useful procedure in which the two formal partial goals of stereoselective biaryl synthesis are attained consecutively l 6-11 1 : The CC bond formation is performed by intramolecular aryl coupling of the ester-type prefixed aromatics as in 3, and the asymmetric induction at this biaryl axis is achieved by an atropdiastereo-or enantioselective ring opening of the resulting lactones 2. Hence, such bridged biaryls 2 play a crucial role in this concept: Although they already possess the biaryl axis, most of them are axially prostereogenicl6.7.12.IJJ, i.e. they do not occur as stable atropisomers (helimers) at the synthetically relevant temperatures. Apparently, the rotational barrier of 2 is drastically lower than that of the open-chain final target biaryls 1 and thus allows rapid helimerization (e.g. at room temperature).
For a thorough investigation of the structures of such bridged biaryls, of their isomerization mechanism, and eso 2 00 n ~o V 3 substituted representatives is prepared. These cover a broad range of steric hindrance and thus molecular distortion. The structures are investigated mainly by NMR spectroscopy and X-ray diffraction, showing the lactones 7 to be helically distorted, depending on the size of the residues R.
pecially of the unprecedented stereocontrolled ring opening process, there is a great need of appropriately substituted representatives of this stereochemically interesting class of bridged biaryls. In this paper, we describe a practicable synthetic pathway to a series of benzonaphthopyranones of the general type 7, with a broad variety of substituents of most different sizes next to the biaryl axis. Part of this work has recently been reported in preliminary form 1 9
• 10 1.
The structural type 7 was chosen for different reasons: On the one hand, its substitution pattern (alkyl groups and oxygen functions in ortho-positions with respect to the axis) is similar to that of many naturally occurring biaryls. Also, the symmetrical structure of the variable phenolic component helps to avoid additional problems of regioselectivity in the intramolecular aryl coupling step. A further advantage of the lactones 7 was their supposed tendency to afford crystals suitable for X-ray structure analysis (see below). By contrast, the long-chain O-substituted derivative 7c was prepared because of its expected favorable solubility properties, e.g. for recording EXAFS spectra of the corresponding metal complexes ll41 and for the eventual preparation of liquid crystalline phases.
The required phenols 5a, b, d, and g are commercially available. 5e, a new compound, was synthesized from phloroglucinol by acid-catalyzed O-alkylation with n-octanol and hydrochloric acid (see Experimental). 5e [15. 16 1 and 5f{l7 . 18 1 were prepared according to known procedures.
The naphthalene part of 7 was chosen because of the ready availability of the known [191 l-bromo-2-naphthalenecarboxylic acid (4), whose halogenation site guarantees ex- The benzonaphthopyranones 7a-g were synthesized in two steps: The carboxylic acid 4, after its transformation to the acyl chloride, was linked to the phenols 5a-g to give the corresponding bromo esters 6a-g, which were then transformed into the target lactones 7a-g by palladiumcatalyzed intramolecular aryl coupling[21J with elimination of hydrogen bromide (Scheme 1). The efficiency of this pro- Sa  6a  91  7a  70  5b  6b  92  7b  77  5e  6e  72  7e  81  5d  6d  91  7d  72  5e  6e  88  7e  71  Sf  6f  90  7f  72  5g  6g  87  7g 31 [b) L·" Yield of isolated pure products. - (b) In addition, hydrodehalogenation (35%) was found to occur, as well as formation of the known 2-methyl-4H -naphtho[2, l-c ]pyran-4-one (14%) [24J.
G. Bringmann et al. cedure can be seen by the very practicable yields, which, though distinctly diminished for 7g, show that even this highly hindered biaryl, with the bulky tert-butyl group next to the rigid naphthalene part, can still be synthesized in this way. This clearly contrasts with similar intermolecular reactions, which do not tolerate such sterically demanding ortho-su bsti tuents !l231.
The biaryl lactones 7 thus prepared are not only synthetically important, but are, above all, stereochemically intriguing: on the one hand, especially the representatives 7 a -c are axially prostereogenic, i. e. not yet configurationally defined, since they can be ring-opened with high stereoselectivities, to give any desired atropoenantiomer or -diastereomer[l,J -on the other hand, they are not planar at all, but rather exist as helicene-like distorted conformers. The chirality of these molecules within the NMR time scale can clearly be seen for the derivatives 7e and 7f, which both contain diastereotopic hydrogen atoms (2 x 2 H's for 7 e and 2 x 2 CH/s for 7f) that should become enantiotopic on rapid interconversion of the two helimers at higher temperatures. Due to their proximity to the molecular dissymmetry, especially the two methyl groups of the isopropyl residue next to the biaryl axis of 7f exhibit a highly diastereotopic character: their signals appear at 8 = 0.66 and 1.58, respectively.
Exemplarily for this compound, these two methyl groups could be stereo chemically assigned, relative to the configuration at the biaryl axis, by selective NOE experiments, thus permitting to establish a rough stereomodel of 7f, as sketched in Figure 1 . This stereochemical representation is in accordance with the structure in the crystal (see below). Independent of the presence of diastereotopic/enantiotopic units, the screw-shaped character of the molecules can best be seen by X-ray crystallography. Figure 2 shows the crystal structures of the lactones 7b, d, e, and f. In contrast to other helicene-like compounds[25J, these substances crystallize as racemates. Figure 2 reveals the structures of only one of the two respective helimeric enantiomers.
Regrettably, no X-ray-structure analysis could be achieved for 7a and 7g, i.e. the least and the most hindered representatives of this series. Nonetheless, some stereochemical features can already be deduced from the crystal structures of 7b, d, e, and f: As anticipated, the helical distortion of the biaryl lac tones depends on the steric demand of the substituents R. As The single values show only little changes for the axis-near part of this helix (e.g. for the angles P and y), which is embedded into the relatively rigid ring system, whereas the outer part of the loop (as represented e.g. by the angle (X), which largely lacks such a ring framework support, is more drastically distorted and thus greatly contributes to the global helicity of the system. The relative steric differences between the lactones 7 are best visualized by superimposing the crystal structures of those lactones with the smallest and the largest residues R, i.e. 7b and 7f (see Figure 3) . Work to predict the atropisomerization barrier of 7 a -g by semiempirical or ab initio calculations as well as the experimental determination and thus rescaling of these energies by DNMR for 7e and 7fis in progress. Furthermore, the enantioselective preparation of the more hindered representatives of this class and the systematic preparative and mechanistic investigation of atropoenantioselective biaryl syntheses via 7 are under investigation. suspellsioll of I c4uivalent of l-bromo-2-naphthalenecarboxylic acid (4)1 1 ' )1 in dry dichloromethane (10 ml per 0.75 mmol acid) and some drops of OM F as catalyst. 1.1 equivalents of oxalyl chloride are adtlt.!d at 0 C. The mixture is stirred at OC for 1 h and at room temp. for :1 h. This solution is added dropwise to a solution of 1 equivalent of phcnol and 1.5 cquivalents of triethylamine dissolved in dichloromcthane (10 ml per 0.75 mmol acid), to which have been added somc crystals of OMAP as an acylation catalyst. Then the mixturc is stirred at room temp. for 3 h. After evaporation of the solvent undcr reduced pressure. the residue is chromatographed to gi vc t he ester 6. 
General Procedure/or the Synthesis o/the Benzonaphthopyranones 7a-g
Method A: A mixture of 1 equivalent of ester 6, 2 equivalents of sodium acetate, 0.6 equivalents of triphenylphosphane, and 0.2 equivalents of palladium(II) acetate in dry DMA (10-15 ml per mmol ester) is heated to 120 c C and stirred at this temp. for 15 h. The coupling reaction can easily be followed by TLC, because of the brilliant fluorescence of 7 upon UV excitation (366 nm). The solvent is evaporated under reduced pressure and the residue filtered over Celite (dichloromethane). After removal of the solvent in vacuo, the residue is chromatographed to give the pure lactone
7.
Method B: A mixture of 1 equivalent of ester 6, 2 equivalents of sodium acetate, and 0.2 equivalents of bis(triphenylphosphane)palladium dichloride in DMA (10-15 ml per mmol ester) is heated at 130 'C for 0.5 -7 h. Concerning workup cf. method A. 111.9, 113.9, 121.1, 121.3, 124.2, 125.6, 128.1, 128.4, 118.8, 118.9, 135.6, 136.2, 148.6, 151.7 and 152.0 (C-arom.) CZ.lHzzD z : According to the general procedure B 5.24 g (11.9 mmol) of 6g gave 1.33 g (3.71 mmol, 31°1.J) of 7g as an amorphous solid after chro-G. Bringmann et al. 0 (1) 7067 (2) 1040 (1) 2142 (2) 47 (1 C(2) 6746 (3) 1809 (2) 3379 (3) 47 (1 0(2) 5168 (2) 1767 (1) 2986 (3) 66(1: C (3) 8342 (3) 2675 (2) 4937 (3) 42(1: C (4) 7991 (3) 3554 (2) 6028 (3) 50(1; C (5) 9369 (3) 4456 (2) 7272 (3) 52(1: C (6) 11119 (3) 4564 (2) 7343 (3) 45(1: C (7) 12468 (3) 5564 (2) 8395 (3) 54 ( 1; C(8) 14076 (3) 5715 (2) 8296 (3) 57 (1) C (9) 14386 (3) 4882 (2) 7095 (3) 52 (1) C (10) 13143 (3) 3888 (2) 6108 (3) 44 (1) C (11) 11491 (2) 3685 (1) 6252 (3) 39 (1) C (12) 10105 (2) 2668 (1) 5192 (3) 37 (1) C (13) 10356 (2) 1634 (1) 4292 (3) 37 (1) C (l4) 11992 (2) 1259 (1) 4997 (3) 38 (1) 0(14) 13413 (2) 1897 (1) 6794 (2) 46 (1) C (l5) 12065 (3) 274 (2) 3981 (3) 42 (1) C (16) 10487 (3) -410 (2) 2293 (3) 41 (1) 0(16) 10732 (2) -1365 (1) 1438 (2) 51 (1) C (17) 8822 (3) -131 (2) 1658 (3) 41 (1) C (18) 8808 (2) 862 (2) 2717 (3) 39 (1) C (19) 15089 (3) 1555 (2) 7571 (3) 54 (1) C (20) 9125 ( (2) 6642 (3) 7170 (3) 1246 (4) 38 (1) C (3) 7961 (4) 6146 (3) 1285 (4) 47 (1) C (4) 7623 (4) 5186 (3) -219(4) 49(1) C (5) 5467 (4) 4069 (3) -3229(4) 48(1) C (6) 3780 (4) 3977 (3) -4641(4) 50(1) C (7) 2422 (4) 0 (1) 4184 (1) 2115 (1) 528 (1) 46 (1) 0(2) 2533 (2) 2600 (1) 894 (2) 63 (1) Crystal Structure Determillatioll{30} of Lactones 7b. 7d. 7e, and 7f: Suitable crystals were grown from THF (for 7b), dichloromethane/petroleum ether (for 7d). and diethyl ether/petroleum ether (for 7e and 7 f). Measurements of the diffraction intensities were performed on a Siemens 3 mjV difTractometer (for 7d, 7e, and 7f) or an Enraf-Nonius CAD4 diffractometer (for 7b) by using Mo-K~ radiation (0.7107 A). Cell parameters were determined by leastsquares refinement of 25 reflections. The structures were solved with Siemens SHELXTL PLUS (for 7d. 7e. and 7f) or Nonius SDP package (for 7b) by using direct methods. All non-hydrogen atoms could be refined anisotropically except for the isopropyl group para to the biaryl axis, which appears nearly planar. The hydrogen positions were calculated by using a riding model and were considered fixed with isotropic U(eq) in all refinements. The final residual values Rand R •. and other crystal data are given in Table 3 , atomic coordinates and U(eq) values in Tables 4-7. Table 7 . Atomic coordinates (x 10 4 ) and equivalent isotropic displacement parameters U(eq) (x 10-1 ) [pm1 for 7f (standard deviations in parentheses [U(eq] see Table 4J x y z U(eq) 0 (1) 4221 (1) 7336 (2) 5359 (4) 109 (1) C (1) 3861 (2) 6705 (3) 4599 (5) 74 (1) 0(2) 4177 (1) 5757 (2) 4259 (3) 80 (1) (12) 833 (2) 5083 (3) 3158 (5) 78(1) C (13) 472 (2) 5978 (4) 3756 (5) 85 (1) C (14) 847 (2) 6842 (3) 4209 (4) 79(1) C (15) 1605 (2) 6875 (3) 4101 (4) 61 (1) C (16) 2005 (2) 7715 (3) 4766 (4) 79 (1) C (17) 2730 (2) 7664 (3) 4852 (5) 78 (1) C (18) 3100 (2) 6810 (3) 4161 (4) 57 (1) C (19) 4633 (3) 2801 (4) 621 (10) 180(4) C (20) 4365 (3) 1800 (3) 893 (6) 111(2) C (21) 5208 (3) 3099(4) -266(9) 156(3) C (22) 2434 (2) 5033(3) -289(4) 78(1) C (23) 1964 (3) 4122(4) -887 (7) 128(2) C (24) 2773 ( 
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